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Introduction
In eukaryotes, the Ubiquitin (Ub)/proteasome system (UPS) is the major pathway responsible for the destruction of misfolded proteins. Even though the UPS machinery is confined to the cytosol, it can also degrade secretory, membrane, or luminal proteins that reside in the endoplasmic reticulum (ER). This type of destruction requires the translocation of substrates into the cytosol, a process referred to as dislocation or retrotranslocation. It can be divided into several steps (Raasi and Wolf, 2007; Vembar and Brodsky, 2008) : substrates need to be recognized as misfolded, recruited into a protein-conducting channel, and dislocated into the cytosol. Derlin-1 and Sec61 may contribute to the construction of the relevant protein conducting channels (Lilley and Ploegh, 2004; Scott and Schekman, 2008; Wiertz et al., 1996b; Ye et al., 2004) , but alternative strategies for substrate passage to the cytosol have been suggested (Ploegh, 2007) . In mammalian cells, there are in all likelihood multiple exit strategies from the ER, which may then converge on the UPS. The emergence of a glycoprotein substrate in the cytosol coincides with the removal of N-linked glycans by the action of N-glycanase, and the ubiquitination via an E1-E2-E3 cascade, which tags the substrate for proteasomal destruction. Ub is utilized not only as degradation tag, it also serves as handle for cytosolic ATPases to exert a pulling force on the substrate, thus facilitating the movement of dislocation substrates into the cytosol (Flierman et al., 2003) .
Two distinct multiprotein complexes can contribute to the mechanical force that drives dislocation: the p97/Valosin-containing protein (VCP, or Cdc48 in Saccharomyces cerevisiae) complex and the 19S cap of the 26S proteasome. Although different in their composition, both complexes contain functionally similar elements, namely adaptor proteins required for Ub recognition and ring-shaped, hexameric ATPase modules (Elsasser and Finley, 2005) . The ATPases that are part of the VCP and 19S complexes are members of the same family, designated AAA (ATPases associated with a variety of cellular activities) ATPases (Neuwald et al., 1999) and unfold the substrate in ATPdependent fashion (Navon and Goldberg, 2001) . Removal of the Ub chain from the substrate by proteasome-associated deubiquitinating enzymes (DUBs) is key to allow the passage of the unfolded polypeptide through a narrow constriction into the proteolytic chamber of the proteasome core particle, where proteolysis ensues (Pickart and Cohen, 2004) . Ub removal also allows recycling of this essential modifier. Mutations in the proteasome-associated DUB Rpn11 that disrupt its catalytic activity stall the processive substrate degradation by the proteasome and eventually lead to cell death (Verma et al., 2002) . The 19S cap associates with the Sec61 channel, and in purified form supports ER dislocation in vitro, suggesting that it could indeed contribute force, and so couple dislocation and degradation (Kalies et al., 2005; Lee et al., 2004; Ng et al., 2007) .
P97 nucleates a number of distinct protein complexes, variable in composition and function. Of relevance for dislocation is a complex that includes NPL4 and UFD1.
Both associate to form a heterodimeric adaptor that binds to Ub and to p97's N-terminal domain (Meyer et al., 2000) , thus contributing to p97's ability to associate with dislocation substrates and enabling p97 pulling substrate (Ye et al., 2001 . It has been proposed that p97/Cdc48 can be recruited to the site(s) of ER dislocation by UBXD2 and/or UBXD8, two UBX domain containing proteins embedded in the ER membrane (Liang et al., 2006; Mueller et al., 2008) . In yeast, Ubx2 not only binds to Cdc48, but also to the ER-resident Ub ligases Doa10 and Hrd1. Substrate ubiquitination and Cdc48 recruitment are thus spatially and temporally coordinated to facilitate substrate transfer (Neuber et al., 2005; Schuberth and Buchberger, 2005) . A collective of substrate-processing cofactors associate with p97/Cdc48 to limit, promote, or reverse the ubiquitination of p97/Cdc48-associated substrates. Ubiquitination is therefore highly dynamic and carefully controlled (Jentsch and Rumpf, 2007; Raasi and Wolf, 2007) .
Shuttling factors, e.g. Rad23 and Dsk2 in budding yeast, finally transfer the substrate from p97 to the proteasome, where it is ultimately degraded (Elsasser et al., 2004; Medicherla et al., 2004; Richly et al., 2005) .
Here we address the function of YOD1 (also known as OtuD2 or DUBA8; gene ID: 55432) in mammalian cells, a ubiquitin-specific protease equipped with a UBX domain, considered a hallmark of p97-associated proteins (Schuberth and Buchberger, 2008) . YOD1 is the closest homolog of S. cerevisiae Otu1, which associates with Cdc48, to regulate the processing of the ER-membrane embedded transcription factor Spt23, a crucial component of the OLE pathway (Rumpf and Jentsch, 2006) . Although highly conserved, the function of YOD1 is not known in higher eukaryotes. The human genome lacks a bona fide homolog of Spt23, suggesting that YOD1 participates in other, presumably conserved, cellular processes. Given the established involvement of p97 in ER dislocation, we reasoned that YOD1 might serve as p97-associated Ub processing factor in the context of protein dislocation from the ER. We now show that YOD1 is indeed a constituent of a p97 complex that drives ER-dislocation. A dominant negative YOD1 variant stalls the dislocation of various misfolded, ER-resident proteins. These substrates accumulate as ubiquitinated intermediates, establishing an important function for a deubiquitinating activity in the context of ER-dislocation.
Results

Identification of YOD1 interaction partners links YOD1 to the p97 complex
To determine its possible functions, we first identified interaction partners of human YOD1 by immunopurification. We identified not only YOD1 itself, as expected, but also p97, NPL4 and UFD1 as unique hits with good sequence coverage when compared to the corresponding control data set (Fig. S1 ). We cloned suitably tagged versions of p97 and YOD1 to allow their expression in 293T cells. In addition, we engineered an active site mutant of YOD1 (C160S) to address whether and how its catalytic activity is essential for biological function. According to Pfam predictions (Finn et al., 2008) , YOD1 comprises three domains: An N-terminal UBX domain, a central otubain domain, and a C-terminal C2H2-type Zinc finger (Znf) domain. To study the role of these domains, we created a variant lacking the C-terminal Znf domain (YOD1 Znf), a version in which the Nterminal UBX domain was deleted (UBX YOD1) or replaced by green fluorescent protein (UBX GFP YOD1), and their combinations with the active site mutation (Fig. 1 A).
To confirm that p97 and YOD1 form a complex in a cellular context, we transfected FLAG-tagged YOD1 variants, followed by preparation of detergent extracts.
All YOD1 variants were expressed to a similar level, as judged by immunoblotting ( Fig.   1 B, upper panel) . YOD1 and its mutant derivatives were retrieved by immunoprecipitation, and p97 association was monitored by immunoblotting using antip97 antibodies (Fig. 1 B, lower panel) . Endogenous p97 was retrieved in a complex with YOD1 WT and C160S. This interaction was strictly dependent on the UBX domain, since the UBX GFP YOD1 variant failed to interact with p97, whereas the Zn finger (Znf) domain was dispensable for interaction with p97, both in cell and in vitro, further demonstrating that YOD1 binds to the N-terminal domain of p97 by virtue of its UBX domain. (Fig. S2A) .
The otubain core domain is necessary and sufficient for catalytic activity in vitro
We next tested whether the UBX domain or the Znf domain are required for enzymatic activity. Purified YOD1 WT and its truncation derivatives all hydrolyzed K48-linked poly-and di-Ub chains ( Fig. 2 B, C) . The otubain core domain is thus necessary and sufficient to confer basal catalytic activity (Fig. S2 ). All truncation mutants were covalently modified by HA-tagged Ub vinylmethyl ester (HA-UbVME), a Ub-based suicide inhibitor that forms a covalent adduct with active Ub-specific cysteine proteases (Borodovsky et al., 2002; Schlieker et al., 2007) , unless such truncations were combined with the C160S active site mutation (Fig. S2 C) .
Yeast Otu1 and human OtuB1, two related members of the otubain family, display a strong preference for K48 linkages (Edelmann et al., 2009; Messick et al., 2008) . Since additional domains may influence the ability of YOD1 to attack isopeptide- Fig. 2 D, lower panel) . Thus, the core domain is necessary and sufficient to confer specificity, although we cannot exclude the formal possibility that either domain is important to discriminate between other linkage types, e.g. K11 versus K48/K63 linkages.
A catalytically inactive YOD1 mutant impairs the degradation of truncated ribophorin, a misfolded, ER-resident glycoprotein
Could the interaction with p97 allow us to place YOD1 in the context of a particular cellular function? P97 is involved in homotypic membrane fusion (Hetzer et al., 2001; Meyer et al., 2000) , activation of transcription factors (Rape et al., 2001) , mobilization of a kinase from chromatin (Ramadan et al., 2007) , and extraction of misfolded proteins from the ER (Bays et al., 2001; Ye et al., 2001) . This relies on a set of adaptors, which link the common ATPase module p97 to specific molecular targets and confer specificity (Raasi and Wolf, 2007; Schuberth and Buchberger, 2008) . For example, homotypic membrane fusion relies on p97 in concert with the adaptor p47 (Hetzer et al., 2001) , whereas Spt23 activation requires a distinct heterodimeric adaptor, UFD1/NPL4 (Rape et al., 2001) . In yeast, some of the molecular machinery involved in Spt23 activation is also required to extract misfolded proteins from the ER: both pathways employ p97, UFD1, and NPL4. Since YOD1, p97, NPL4 and UFD1 constitute a multiprotein complex in mammalian cells ( Fig. 1 B and Fig. S1 ), we asked whether the activity of YOD1 is required for extraction of proteins from the ER.
We tested whether YOD1 or its mutants affected degradation of truncated ribophorin, RI 332 , a misfolded ER-resident glycoprotein rapidly degraded by the ubiquitin-proteasome system (UPS) upon its arrival in the cytosol (Kitzmuller et al., 2003) . If YOD1 is indeed involved, overexpression of either wildtype or catalytically inactive YOD1 should affect the degradation of RI 332 . 293T cells were co-transfected with RI 332 and either YOD1 WT, YOD1 C160S, or empty vector, and the stability of RI 332 was determined by pulse-chase analysis (Fig. 3) . Introduction of YOD1 C160S markedly stabilized RI 332 while overexpressed YOD1 WT did not affect the degradation of RI 332 ( Fig. 3 A , B) . The stability of endogenous full-length ribophorin was not affected by either construct (Fig. 3 A) .
Is the dominant negative effect on RI 332 degradation imposed by YOD1 C160S due to a specific role for YOD1 in protein dislocation from the ER, or could it be a mere consequence of non-specific stabilization of all Ub-conjugated substrates destined for proteasomal degradation? To resolve this issue, we engineered an RI 332 variant that lacks the N-terminal signal sequence (SS-RI 332 ), thus creating a soluble, cytosolic version that is no longer coupled to ER dislocation. SS-RI 332 is rapidly degraded in UPS-dependent fashion (data not shown), but neither YOD1 WT nor its catalytically inactive counterpart stabilized SS-RI 332 (Fig. 3 C, D) .
We routinely observed three closely spaced, electrophoretically distinct bands for RI 332 . By glycosidase-treatment of immunoprecipitated RI 332 and by expression of a RI 332 variant (N275T) devoid of its N-glycosylation site, the nature of the three bands was revealed as glycosylated (EndoH sensitive), de-glycosylated and non-glycosylated RI 332 , respectively (Fig. S3) . Expression of YOD1 C160S stabilized both, the glycosylated (RI 332 +CHO) and the non-glycosylated (RI 332 -CHO) form of RI 332 within a membrane compartment, consistent with a ER-luminal localization, as judged by protease protection experiments (Fig. 3 E) . We conclude that YOD1 C160S specifically blocks a step in the course of dislocation and/or degradation of ER-resident proteins destined for proteasomal degradation.
Both UBX and Znf domains are required for YOD1 activity in vivo
While the otubain core domain appears to be necessary and sufficient for deubiquitinating activity in vitro, the UBX and Znf domains may well play important roles in vivo. Since a construct lacking the UBX domain did not yield satisfactory expression levels (data not shown), we created a variant in which this domain was replaced by GFP (UBX-GFP YOD1) to yield higher expression and so be able to investigate the role of the UBX domain of YOD1. Both UBX-GFP YOD1 and its catalytically inactive counterpart (UBX-GFP YOD1 C160S) were expressed to levels comparable to YOD1 WT (Fig. 4 A) . To examine whether the UBX domain is required for biological function, we tested the ability of UBX-GFP YOD1 C160S to stabilize RI 332 . UBX-GFP YOD1 C160S stabilized RI 332 only to some degree and this dominant negative effect was less pronounced than in the case of YOD1 C160S (Fig. 4 A and B ).
Next, we tested if the Znf domain was required for the dominant negative effect of YOD1 C160S. The catalyticaly inactive variant deprived of its Znf domain domain completely lost its ability to block RI 332 degradation (Fig. 4 C and D) , suggesting that the Znf domain is essential for the function of YOD1 in vivo. Both the UBX and Znf domains, accessories to the catalytic core, are thus important for the function of YOD1, presumably by placing the catalytic core in the appropriate context.
YOD1 C160S affects the degradative fate of ER-resident dislocation substrates with various topologies
To put our findings on a more general footing, we tested whether the dominant negative effect imposed by YOD1 C160S applies to other substrates as well. First, we chose 1-antitrypsin Null Hong Kong (NHK), a mutant allele of 1-antitrypsin subject to dislocation and degradation via the UPS (Sifers et al., 1988) , as substrate. 293T cells were co-transfected with YOD1 C160S and NHK, with YOD1 WT serving as the control.
NHK was markedly stabilized in presence of YOD1 C160S (Fig. 5 A, B) .
Since substrates with different topologies may use distinct, yet overlapping, molecular machineries involved in ER-dislocation (Carvalho et al., 2006; Ravid et al., 2006; Vashist and Ng, 2004) , we examined the fate of an unpaired TCR chain. TCR is a type I transmembrane protein that is promptly dislocated and degraded by the UPS when expressed in the absence of its partner, the TCR chain (Huppa and Ploegh, 1997; Yu et al., 1997) . As seen for luminal proteins, the TCR chain was strongly stabilized by YOD1 C160S (Fig. 5 C and D) . Therefore, although distinct topologies may require different mechanisms to achieve dislocation, YOD1 C160S imposed a strong dominant negative effect on the processing of all tested substrates.
Overexpression of YOD1 C160S results in the accumulation of polyubiquitinated ERdislocation substrates
Having shown that YOD1 is involved in protein dislocation and given the role of substrate ubiquitination in ER dislocation (Ye et al., 2001) , we asked if dislocation substrates could be a target for the deubiquitinating activity of YOD1. Therefore, RI 332 was co-transfected with either YOD1 WT or YOD1 C160S, together with HA-tagged Ub.
After retrieval of RI 332 by immunoprecipitation, the extent of RI 332 ubiquitination was assessed by immunoblotting using an anti-HA antibody. We observed a profound increase in high molecular weight (HMW), HA-reactive material in YOD1 C160S expressing cells relative to those expressing YOD1 WT, indicative of an accumulation of polyubiquitinated RI 332 species (Fig. 6 A) . Overall, the levels of HMW Ub-conjugates are somewhat elevated in the presence of catalytically inactive YOD1 in the input samples (Fig. 6 B) . Accordingly, the steady state level of RI 332 is increased in YOD1 C160S expressing cells (Fig. S5A) . However, the amount of ubiquitinated RI 332 recovered from cells expressing YOD1 C160S as opposed to YOD1 WT is much larger, and therefore cannot be attributed solely to an increase in total HMW Ub species or RI 332 .
Are ubiquitinated species that are stabilized by YOD1 C160S associated with p97? We co-transfected HA-Ub, YOD1 WT or YOD1 C160S, and p97 WT. P97 was retrieved by immunoprecipitation, and the retrieval of associated ubiquitinated species was assayed by immunoblotting with anti-HA antibodies. Ubiquitinated species were readily detectable in presence of YOD1 C160S, but were virtually undetectable in the presence of YOD1 WT or a vector control (Fig. 6 C; Fig S5 B ). This result we attribute to the tight coupling of ER-dislocation and proteasomal turnover in absence of YOD1 C160S. We also monitored the ubiquitination status of substrates that are trapped in association with p97 by employing an ATPase-deficient p97 E305Q/E578Q mutant (p97 QQ). P97 QQ associates with ER dislocation substrates in stable fashion, and thus blocks their processive deubiquitination and degradation . Ubiquitinated species are already detectable in absence of YOD1 C160S, but co-expression of YOD1 C160S
has an additive effect, as judged by the increase in HA-reactive material (Fig. 6 C) . In contrast, a clear reduction of HA-reactivity is seen in presence of YOD1 WT, suggesting that YOD1 WT deconjugates Ub from substrates that are stably associated with p97 QQ. p97 QQ associated polyubiquitinated proteins can be deubiquitinated in vitro by purified YOD1 (Fig. S6) . We may thus attribute the inhibitory effect of YOD1 C160S on dislocation to a failure to deubiquitinate p97-associated dislocation substrates.
YOD1 associates with the ER-dislocation machinery
As the expression of YOD1 C160S dramatically stabilized several dislocation substrates, we wondered whether YOD1 physically associates with known components of the ER-dislocation machinery such as SEL1L, Derlin-1 and the UBX-domain containing proteins UBXD8 and UBXD2. We immunoprecipitated FLAG-tagged YOD1 variants from cell lysates and probed for co-precipitated, endogenous proteins with respective antibodies. Using this approach, we identified Derlin-1 and UBXD8 as novel interaction partners of YOD1, while SEL1 and UBXD2 apparently do not interact with YOD1 (Fig   7 A, B and data not shown) . The UBX domain of YOD1 was essential for Derlin-1 binding (Fig. 7 B) . Thus, binding of Derlin-1, a known interactor of p97, may be indirect and mediated via UBX domain-dependent retrieval of p97. This scenario cannot apply to
Discussion
Ubiquitination is a highly dynamic process carefully controlled by opposing Ubconjugating and deconjugating activities. The p97 complex and the 19S cap of the proteasome, the two major Ub-dependent protein unfolding machines in the eukaryotic cytosol, employ both types of activity to regulate the fate of their substrates (Elsasser and Finley, 2005; Jentsch and Rumpf, 2007) . In the case of the 26S proteasome, deubiquitination removes the impediment of attached Ub chains to allow the passage of substrates to the interior of the proteolytic core particle, accessible only through a narrow pore (Pickart and Cohen, 2004) . Given the similarity between the p97 complex and the 19S cap of the proteasome, we hypothesized that p97 might make use of deubiquitinating activities in most, if not all pathways in which ubiquitinated substrates are engaged by this complex. The involvement of p97 in ER dislocation (Ye et al., 2001 ) inspired us to look for Ub-specific proteases that might directly interact with it, thus prompting our examination of YOD1, a UBX-domain-containing member of the otubain family of unknown function.
We showed that p97 associates with YOD1 by virtue of its UBX domain and that YOD1 participates in a p97 complex that also contains NPL4 and UFD1 ( Fig. 1 and Fig. S1 ), involved in the dislocation of misfolded proteins from the ER (Ye et al., 2001 . This complex also contains Derlin-1 and UBXD8 (Fig. 7) , ER-resident components of the dislocation machinery (Lilley and Ploegh, 2004; Mueller et al., 2008; Ye et al., 2004) . Importantly, a deletion variant of YOD1 (UBX-GFP YOD1) that does not bind p97 still co-precipitated UBXD8 (Fig. 7 B) . Thus, binding of UBXD8 is not mediated indirectly via p97 alone and therefore cannot be a mere consequence of YOD1 overexpression and unspecific retrieval of p97 interactors. The specificity of the UBXD8 binding is further supported by the fact that UBXD2, another UBX-domain containing interactor of p97 (Liang et al., 2006) , does not interact with YOD1 (Fig. 7 B) .
The catalytic role of YOD1 in dislocation is demonstrated by overexpression of a catalytically inactive form (YOD1 C160S), which almost quantitatively stabilized RI 332 , a model substrate for ER dislocation. The magnitude of this dominant negative effect (Fig.   3 A) was comparable to that commonly seen upon complete proteasomal inhibition (Fig.   S4 ). Similarly to RI 332 , NHK and unpaired TCR-chain, were profoundly stabilized by YOD1 C160S. The dominant negative effect was entirely dependent on the ER localization of the dislocation substrate: we saw no effect on protein stability once the ribophorin substrate was topologically uncoupled from the dislocation pathway.
We may thus place YOD1 in an ER-dislocation pathway, and suggest that the correct positioning of the substrate and of YOD1 itself relative to p97 are important for p97 function. Given its effect on both luminal and membrane-bound substrates, YOD1 must lie at or beyond the point where the relevant dislocation pathways converge, most likely between the dislocon and the proteasome, in agreement with its ability to associate with p97. It is still not known how many distinct dislocation pathways exist in the mammalian cell and whether or not they are assigned to particular substrate classes.
Knockdown experiments with YOD1 or ataxin-3, another DUB implicated in protein dislocation from the ER, did not affect the degradation of several dislocation model substrates (Wang et al., 2004; Zhong and Pittman, 2006) . At this point, we cannot assess whether the remaining levels of YOD1 that escape RNA silencing are sufficient to promote dislocation, or if p97-associated DUBs have overlapping or redundant functions.
Several DUBs contain an UBX domain that could facilitate their binding to p97. The extent to which these other UBX-containing DUBs participate in dislocation remains to be established.
Is the arrest in dislocation imposed by YOD1 C160S indeed attributable to a deubiquitination defect? Cells expressing catalytically inactive YOD1 C160S accumulated polyubiquitinated RI 332 to a much higher degree than YOD1 WT cells (Fig.   6 A) , suggesting that the loss of catalytic activity of YOD1 is responsible for the accumulation of p97-associated RI 332 in ubiquitinated form. In fact, this interpretation was substantiated by the observation that YOD1 modulates the ubiquitination status of not only RI 332 , but also of other p97-associated substrates (Fig. 6 C) . The identity of these p97-associated Ub conjugated adducts was not determined, but likely includes a multitude of different dislocation substrates. YOD1 WT reversed the ubiquitination of dislocation substrates trapped by stable association with an ATPase-deficient p97 mutant (p97 QQ), whereas expression of YOD1 C160S in the same cells stabilized the Ubadducts even more (Fig. 6 C and Fig. S5 B) . We conclude that YOD1 activity is required for the p97-driven dislocation of misfolded proteins, and we attribute the inhibitory effect exerted by YOD1 C160S to a failure to deubiquitinate p97-associated dislocation intermediates en route to the cytosol (Fig. S7 ).
In our model, p97 engages dislocation substrates by means of the UFD1/NPL4 adaptor as soon as they emerge in the cytosol and undergo E3-catalyzed ubiquitination (Fig. S7 I) . We speculate that once the substrate is transferred to the p97 pore and threaded through p97's axial channel, YOD1 trims the Ub chain on the associated substrate to remove Ub moieties that present a steric impediment to the threading process (Fig. S7 II) . Based on the data presented, we do not know whether this mechanism requires the en bloc removal of the entire Ub chain, akin to Rpn11 (Verma et al., 2002), or if a processive trimming-type activity like Ubp6 (Crosas et al., 2006 ) is sufficient to allow such threading. In the presence of YOD1 C160S, the Ub chain on the dislocation intermediate persists, thus preventing the processive movement of the substrate towards the cytosol (Fig. S7 IIb) . In this scenario, a stoichiometric quantity of arrested intermediates is sufficient to titrate a limited number of dislocons, resulting in a pronounced accumulation of misfolded proteins within the ER (Fig. S7 IIIb) .
Given that AAA ATPases of the 19S cap can accommodate looped polypeptides (Lee et al., 2002; Liu et al., 2003) , and that this capability is conserved even in distantly related prokaryotic AAA+ ATPases endowed with threading activity (Haslberger et al., 2008) , single Ub modifications may well be tolerated by the p97 assembly. A mono-or oligo-ubiquitinated substrate that emerges from p97/cdc48 at the other end may then be subjected to Ufd2-like E4 activities known to associate with Cdc48 (Richly et al., 2005) . This would eventually extend the Ub chain to a length that is optimal for the transfer to proteasomal shuttling factors, such as Rad23/Dsk2 (Raasi et al., 2004; Richly et al., 2005) . In this scenario, substrate dislocation is processively coupled to proteasomal degradation. Genetic evidence in S. cerevisiae established that Cdc48 cooperates with numerous cofactors in the following order: NPL4/UFD1Cdc48Ufd2Rad23/Dsk2 (Medicherla et al., 2004; Richly et al., 2005) . The proposed threading mechanism is reminiscent of that used by many other pore-forming hexameric AAA+ ATPases (Hinnerwisch et al., 2005; Martin et al., 2008; Schlieker et al., 2004; Weibezahn et al., 2004) . The presence of a central channel in p97 (DeLaBarre and Brunger, 2003; Huyton et al., 2003) , as well as the observation that mutations in pore-located residues in both AAA domains of p97 severely compromise ER dislocation activity (DeLaBarre et al., 2006 ) is in excellent agreement with our model. The functional assignment of the Otu1, VCIP135, Ataxin 3, and YOD1 to p97-dependent cellular processes in yeast (Rumpf and Jentsch, 2006) and mammalian cells (Wang et al., 2006; Wang et al., 2004; Zhong and Pittman, 2006) suggests an evolutionary conserved role for DUBs in the context of p97/Cdc48 activity. Future work will be required to probe the proposed mechanism further and to address whether other biological activities that rely on p97 function employ deubiquitinating activities as well.
In conclusion, we have firmly placed YOD1 in the dislocation pathway at a point where several of the distinct mammalian dislocation pathways converge. Given the multiplicity of exit strategies, combined with the near-universal involvement of the UPS in targeting the extracted proteins for degradation, it will be interesting to see how many other deubiquitinating enzymes are involved. While the ER is in sharp focus as a compartment where dislocation occurs or is initiated, we should remain open to the possibility that other intracellular locations might participate as well, each with unique machinery dedicated to the task, including perhaps novel components of the UPS.
Experimental procedures
Antibodies, Cell lines, Constructs
Antibodies against the HA-epitope were purchased from Roche (3F10), anti-FLAG, anti-TCR and anti-ubiquitin antibodies were purchased from Sigma-Aldrich.
Anti-1 AT was purchased from Novus Biologicals, monoclonal anti-p97 from Fitzgerald Industries. The anti-Ribophorin antibody was a generous gift from N. Erwin Ivessa (Vienna Biocenter, Austria), anti-UBXD2 antibody was kindly provided by Mervyn J. Monteiro (University of Maryland Biotechnology Institute, USA).
Recombinant, purified YOD1 was sent to Covance Research Products to generate rabbit polyclonal antibodies. The polyclonal p97 antibody was described previously (Lilley and Ploegh, 2005) . 293T cells were cultured and transfected as previously described (Lilley et al., 2003) . A plasmid coding for untagged RI 332 was a generous gift from N. Erwin Ivessa (Vienna Biocenter, Austria) (Kitzmuller et al., 2003) . YOD1 variants were cloned into the pcDNA 3.1 vector via HindIII and XbaI with an N-terminal FLAG-tag. The UBX YOD1 expression construct has an N-terminal FLAG-tagged EGFP followed by aa129-348 of YOD1. SS RI 332 , with a C-terminal HA-tag, deprived of its signal sequence, was cloned into the pcDNA 3.1 vector. The TCR and the 1 AT expression construct were described previously (Hosokawa et al., 2003; Huppa and Ploegh, 1997) . Site-directed mutagenesis of p97, YOD1 and RI 332 was performed with the QuickChange II mutagenesis kit (Stratagene).
Pulse-chase experiments, immunoprecipitations, PNGase F digestion, Endo H digestion, gel electrophoresis, immunoblotting, transient transfections, and enzmatic assays
Pulse chase experiments were performed as previously described (Wiertz et al., 1996a) . For pulse-labeling experiments, cells were starved for 30-45 min in methionine/cysteine-free DMEM at 37°C, and labeled for 10 min at 37°C with 250 µCi of [
35 S] methionine/cysteine.
Cell lysis, immunoprecipitation, transfection of cells with RI 332 and its variants, SDS-PAGE, and fluorography were performed as described earlier (Mueller et al., 2006) .
Quantification of radioactivity was performed on a phosphoimager. PNGase F and Endo H digestions of radiolabeled RI 332 were performed before or after immunoprecipitation according to the recommendations of the manufacturer (New England Biolabs).
For the protease protection assay cells were homogenized by passing through a 23G needle in hypotonic buffer (20 mM Hepes pH 7.5, 5 mM KCl, 5 mM MgCl 2 , 1 mM DTT, and a protease inhibitor cocktail (Roche)). Proteinase K was added to a final concentration of 100 µg/ml in presence and absence of 0.5% NP40. After 20 min on ice, the proteinase K was inactivated by inclusion of PMSF (5 mM). All samples were adjusted to 1% SDS and analyzed by SDS-PAGE. Deubiquitination assays are described in the supplementary materials. (B) K48-linked poly-Ub chains (2 µg) were incubated for 16 h in a total volume of 10 µl with different YOD1 variants (7.7 µM). Poly-Ub and free Ub were detected by immunoblotting using anti-Ub antibodies.
(C) K48-linked di-Ub (0.5 µg) were incubated for indicated times at 25ºC in a total volume of 10 µl with different YOD1 variants (2.58 µM). Ub was detected by immunoblotting using anti-Ub antibodies.
(D) K48-, K63-linked and genetically fused linear di-Ub (2 µg) were incubated for 16 h in a total volume of 10 µl with various YOD1 variants (5.2 µM), and detected as in (B) . (D) SS RI 332 stability was quantified as in (B) .
(E) Cells co-transfected with YOD1 C160S and RI 332 were metabolically labeled as in (A) . Cell extracts were prepared in hypotonic buffer by homogenization in absence of detergent. The homogenate was incubated on ice in presence and absence of 100 µg/ml proteinase K. 0.5% NP40 was added as indicated. Proteinase K was inactivated after 15 min by inclusion of PMSF. The resulting material was solubilized with 1% SDS, immunoprecipitated with anti-ribophorin antibodies and processed as in (A) . (Fig. S5 B) . (B) Cell lysates were prepared as in (A) . Eluates were subjected to immunoblotting with anti-UBXD8 and anti-UBXD2 antibodies.
